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Abstract
Alterations of the von Hippel–Lindau (VHL) tumor suppressor gene can cause
different hereditary tumors associated with VHL syndrome, but the potential role of
the VHL gene in papillary thyroid carcinoma (PTC) has not been characterized.
This study set out to investigate the relationship of VHL expression level with
clinicopathological features of PTC in an ethnically and geographically
homogenous group of 264 patients from Serbia, for the first time. Multivariate
logistic regression analysis showed a strong correlation between low level of VHL
expression and advanced clinical stage (OR55.78, 95% CI 3.17–10.53,
P,0.0001), classical papillary morphology of the tumor (OR52.92, 95% CI 1.33–
6.44, P50.008) and multifocality (OR51.96, 95% CI 1.06–3.62, P50.031). In
disease-free survival analysis, low VHL expression had marginal significance
(P50.0502 by the log-rank test) but did not appear to be an independent predictor
of the risk for chance of faster recurrence in a proportion hazards model. No
somatic mutations or evidence of VHL downregulation via promoter
hypermethylation in PTC were found. The results indicate that the decrease of VHL
expression associates with tumor progression but the mechanism of
downregulation remains to be elucidated.
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Introduction
Thyroid cancer is the most prevalent type of endocrine malignancy. During the
past decades, its incidence has been increasing in many countries [1]. Papillary
thyroid carcinoma (PTC) accounts for more than 80% of all thyroid cancers and
for 95% of this increase [2]. An important unanswered question relates to the
mechanism of this rapid increase, whether it is related to improved detection, or
whether a change in the basic nature of thyroid cancer has occurred [3].
PTC is associated with constitutive activation of the RET-RAS-RAF-MAPK
pathway, which transduces potent mitogenic and cell survival signals [4, 5].
Pathway activation is usually caused by RET/PTC gene rearrangements or
activating point mutations in the BRAF or RAS-family genes. These molecular
alterations occur cumulatively in up to 70% of all PTCs [6, 7]. They are nearly
mutually exclusive since activation of any single proto-oncogene confers
uncontrolled functioning of downstream effectors. In our previous study these
genetic alterations were detected in 150 of 266 Serbian PTC patients (56.4%).
BRAFV600E was the most prevalent (84/266, 31.6%), RET/PTC rearrangements
occurred in 55/266 (20.7%) cases, the RAS mutations were the least frequent (11/
266, 4.1%) [8].
While activating mutations of BRAF, RAS genes and RET/PTC gene
rearrangements promote PTC, other genetic and epigenetic modifications that
contribute to malignant progression of this type of thyroid cancer are
insufficiently defined. The understanding of these molecular alterations and of
their mechanisms may result in the development of novel molecular prognostic
and therapeutic strategies for inhibiting oncogenic activity of signaling pathways
[9–16].
The VHL (Von Hippel-Lindau) gene, located on chromosome 3p25, is strongly
associated with the development of a dominantly inherited cancer syndrome
predisposing to a variety of neoplasms. Von Hippel-Lindau disease is
characterized by the development of multifocal, highly vascularized tumors in
mesenchymal and neural crest-derived tissues of several organ systems. Clinically
most important are tumors of the central nervous system (haemangioblastoma –
HB CNS), eye (retinal haemangioblastoma – RB), kidney (renal clear cell
carcinoma – RCC), adrenal medulla (pheochromocytoma – PHE), inner ear
(endolymphatic sac tumor), and endocrine system (islet cell tumor) [17, 18].
In most VHL patients, autosomal inherited germline mutations can be
identified in the VHL tumor suppressor gene. To date, more than 1,000 germline
and somatic mutations have been reported [19]. Databases of VHL gene
mutations (www.vhl.org/research/beroud.htm, http://www.umd.be:2020) help to
establish genotype–phenotype correlations that allow classification into distinct
VHL disease subtypes. Among the characterized gene alterations, point mutations
account for about 60%, partial deletions for approximately 30%, and deletions of
the entire gene for about 10%. Exceptions to the rule appear to be epigenetic gene
silencing and genetic mosaicism [20–24].
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VHL protein is a part of multiprotein complex with E3 ubiquitin ligase activity
which leads to polyubiquitination and proteosomal degradation of specific target
proteins. The most extensively studied target of this complex is hypoxia-inducible
factor-a (HIF-a), a transcription factor that plays a central role in the regulation
of gene expression by oxygen. Under normoxia conditions, the complex marks
HIF-a for degradation. In cells that are exposed to hypoxia or lack functional
VHL, HIF-a subunits accumulate and bind to HIF-b, forming heterodimers
which transcriptionally activate a number of genes whose products are involved in
cell adaptation to hypoxia and regulation of angiogenesis, which is one of the key
processes in tumorigenesis [25, 26]. Several lines of evidence suggest that the
function of VHL is likely to extend beyond its crucial role in oxygen signal
transduction, and the loss of its function may result in deregulation of several
signalling pathways that have key roles in biological processes such as cell
proliferation, cell survival, cell invasion and metastasis [27, 28]. Aberrant
expression of VHL tumor suppressor gene has been reported in a number of
human malignancies, including kidney, colon, breast, gastric cancer and MEN2-
associated medullary thyroid cancer [29–31].
Arguments that prompted us to study the possible involvement of the VHL
gene in PTC are: (i) VHL gene is expressed, and VHL protein is detectable
immunohistochemically in thyroid follicular epithelial cells and endothelial cells
[32, 33], (ii) the expression of VHL protein in nonneoplastic and neoplastic
thyroid lesions correlates with tumor differentiation [33, 34], (iii) clinicopatho-
logical correlations of VHL with PTC remain largely unknown.
Therefore, we aimed this study at evaluation of the association between VHL
status (VHL expression, mutations and promoter methylation), and a variety of
demographic and cancer characteristics in a group of 264 Serbian patients
admitted to our reference center for PTC from 1992 to 2008 [8]. Our work is the
first large-scale study of this kind so far.
Materials and Methods
Patients, clinicopathological characteristics and detected genetic
alterations
A total of 264 patients diagnosed and treated for PTC in the Institute of Oncology
and Radiology of Serbia, Belgrade, between June, 1992 and December, 2008 were
enrolled. None of the patients had a history of radiation exposure. Pathological
diagnosis was based on the WHO standards [35] and confirmed independently by
two experienced pathologists (Z.M. and M.N.). Pathological information was
retrieved from patients’ records. Demographic and tumor characteristics are
shown in Table 1.
Point mutations in BRAF exon 15, codons 12, 13, 31, 60 and 61 of K-, H- and
N-RAS, and the RET/PTC1 and RET/PTC3 rearrangements were studied in all 264
paraffin-embedded tumor tissues [8].
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Table 1. Baseline, cancer and treatment characteristics.
Baseline factors
Age at diagnosis, mean ¡ SD (range), years 47.6¡16.1 (8–82)
Sex
Male 66 (25.0%)
Female 198 (75.0%)
Sex ratio 0.33
Cancer characteristics
pT category 1
1 112 (42.4%)
2 41 (15.5%)
3 77 (29.2%)
4 19 (7.2%)
Nodal disease 2 175 (66.3%)
Distant metastasis 3 9 (3.4%)
Tumor size, mean ¡ SD (range), mm 4 23.4¡18.7 (1.5–190)
#10 mm 60 (22.7%)
.10 and #20 mm 86 (32.6%)
.20 mm 107 (40.5%)
Extrathyroidal extension 80 (30.3%)
Vascular invasion 54 (20.5%)
Tumor multifocality 88 (33.3%)
Tumor capsule 107 (40.5%)
Clinical stage
l 142(53.8%)
ll 10 (3.8%)
llI 32 (12.1%)
IV 80 (30.3%)
Histopathological variant 5
Classical papillary 214 (81.1%)
Follicular 30 (11.4%)
Other 19 (7.2%)
Follow-up period mean ¡ SD (range), months 6 53.1¡41.6 (7–187)
Recurrence 7 20 (7.6%)
Treatment modalities
Extent of thyroid resection
Total thyroidectomy 253 (95.8%)
Less than total 11 (4.2%)
Central neck dissection (level VI) 192 (72.7%)
Central + lateral neck dissection (levels VI, II–V) 64 (24.2%)
Radioiodine ablation 8 28 (10.6%)
1T category was not available in 15 cases. 2N category was not available in 20 cases. 3M category was not
available in 5 cases. 4Tumor size was not available in 11 cases. 5Histopathological variant was not available in
1 case. 6Follow-up data were available for 159 patients. 715 patients (75%) have shown recurrence to the
regional or local lymph nodes, and 5 (25%) have demonstrated recurrence to distant organs such as the lung,
bone, and brain. 8Radioiodine ablation was done only in 10.6% of patients due to limited availability of this
treatment modality in the country at that time.
doi:10.1371/journal.pone.0114511.t001
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The protocols of the study were approved by the Ethical Committees of the
Institute of Oncology and Radiology and of Nagasaki University. All participants
provided their written informed consent to participate in this study.
Nucleic acid extraction
Tumor tissues were manually microdissected from formalin-fixed paraffin
embedded tissue sections obtained from the files of the Department of Pathology,
Institute of Oncology and Radiology of Serbia.
DNA was extracted from four 10-mm sections using the Puregene Genomic
DNA purification kit (Gentra Systems, Qiagen, Minneapolis, MN, USA). Total
RNA was extracted from three 10-mm sections using Recover All Total Nucleic
Acid Isolation Kit optimized for FFPE samples (Ambion, Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s protocols. DNA and RNA
were quantified with a Nanodrop 1000 spectrophotometer (Thermo Fisher
Scientific, USA).
Real-time quantitative PCR
mRNA expression was examined by an optimized two-step real-time quantitative
PCR assay [36]. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA, USA). The primers were designed with PrimerExpress 2.0
software (Applied Biosystems, Foster City, CA) and are available in the public
RTPrimerDB database (http://medgen.ugent.be/rtprimerdb/), gene RTPrimerDB-
ID: VHL [37]. PCR amplification mixtures (15 ml) contained SYBR Green PCR
Master Mix (12.5 ml, 2x, Applied Biosystems, #4309155), 250 nM of each
forward and reverse primer and template cDNA (20 ng total RNA equivalent).
Reactions were run on an ABI PRISM 5700 Sequence Detector (Applied
Biosystems). The cycling conditions were as follows: 10 min at 95 C˚, 40 cycles at
95 C˚ for 15 sec and 60 C˚ for 60 sec. All assays were performed in duplicate. After
PCR amplification, a melting curve was generated for every PCR product to
ensure the specificity of the reaction. Data were analyzed according to the relative
standard curve method, in which the transcription levels were normalized by the
stably expressed reference gene GAPDH (glyceraldehyde-3-phosphate dehydro-
genase).
Sequencing analysis
To screen the VHL gene for mutations, we performed direct sequencing of the
coding region. The 3 VHL exons and their immediately flanking sequences were
amplified by PCR as described [38], sequenced in both directions using BigDye
Terminator v3.1 Cycle Sequencing Kit and analyzed in an ABI 3730 DNA Analyzer
(Applied Biosystems, Foster City, CA, USA).
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Methylation-specific PCR
Methylation-specific PCR (MSP) was done according to Herman et al [39]. SssI
methylase (New England Biolabs, Beverly, MA) treated and untreated normal
human genomic DNA were used as a positive and negative control, respectively,
after bisulphite modification.
Statistical analysis
All cases in the study were dichotomized according to the VHL expression into
those (i) whose level was below or (ii) equal to or greater than median. The
subgroups thus defined were compared for baseline factors, clinical and tumor-
related characteristics by Fisher’s exact test or its extension (http://in-silico.net/
tools/statistics/fisher_exact_test) for categorical data or Mann-Whitney test for
continuous variables in univariate analysis.
For multivariate analyses of VHL expression associations (logistic regression)
and of disease-free survival (Cox proportional hazards model), the following
variables were tested: age (continuous, years), sex (categorical, M or F), tumor size
(continuous, mm), pT category (3+4 vs. 1+2, categorical) nodal disease
(categorical, yes or no), distant metastasis (categorical, yes or no), the presence of
tumor capsule (categorical, yes or no), tumor growth pattern (categorical,
papillary or other), multifocality (categorical, yes or no), extrathyroidal extension
(categorical: yes or no), vascular invasion (categorical: yes or no), clinical stage
(categorical: III+IV vs. I+II), mutational status (categorical, including unknown
mutation, BRAF, RAS, RET/PTC1 and RET/PTC3). Non-automatic backward
elimination was applied to the full models that included all the variables listed
above. Once the most appropriate model was determined, the maximum
likelihood estimates of the respective parameters and their 95% confidence
intervals were calculated.
Calculations were performed using SPSS 17.0 statistical software package (SPSS,
Chicago, IL, USA). The P-value less than 0.05 was regarded as indicating statistical
significance in all tests.
Results
Relationship between VHL mRNA expression and
clinicopathological parameters
VHL expression was determined in our cohort of PTC tumor samples (n5264) by
real-time quantitative PCR. Patients were subdivided into 2 groups as having high
or low VHL mRNA expression based on the median of normalized expression
values.
As shown in Table 2, the univariate analysis demonstrated that low VHL
mRNA expression levels are associated with the older age of patients (P,0.0001),
higher pT category (P50.002), distant metastasis (P50.001), advanced clinical
stage (P,0.0001) and classical papillary growth pattern (P50.040).
Low VHL mRNA Expression in Aggressive Papillary Thyroid Carcinoma
PLOS ONE | DOI:10.1371/journal.pone.0114511 December 9, 2014 6 / 15
Table 2. Expression of VHL in thyroid cancers and its association with clinicopathological parameters.
VHL expression (no. of cases)
Clinicopathological parameters Total no. of cases Low (n5132) High (n5132) P-value
Gender
Male 66 36 (54.5%) 30 (45.5%) 0.477
Female 198 96 (48.5%) 102 (51.5%)
Age
,45 yr 113 38 (28.8%) 75 (56.8%)
$45 yr 147 91 (68.9%) 56 (42.4%) ,0.0001*
N/A 4 3 (2.3%) 1 (0.8%)
pT category
1+2 153 64 (41.8%) 89 (58.2%)
3+4 96 56 (57.3%) 40 (42.7%) 0.002*
N/A 15 12 (2.3%) 3 (0.8%)
Nodal disease
N0 69 27 (20.5%) 42 (31.8%)
N1 175 95 (72.0%) 80 (60.7%) 0.099
N/A 20 10 (7.5%) 10 (7.5%)
Distant metastasis
M0 250 119 (90.2%) 131 (99.2%)
M1 9 8 (6.1%) 1 (0.8%) 0.001*
N/A 5 5 (3.9%) 0 (0%)
Tumor size
#10 mm 60 29 (22.0%) 31 (23.5%)
.10 and #20 mm 86 36 (27.3%) 50 (37.9%) 0.056
.20 mm 107 58 (43.9%) 49 (37.1%)
N/A 11 9 (6.8%) 2 (1.5%)
Extrathyroidal extension
y 80 47 (35.6%) 33 (25.0%) 0.081
n 184 85 (64.4%) 99 (75.0%)
Tumor multifocality
y 88 49 (37.1%) 39 (29.5%) 0.240
n 176 83 (62.9%) 93 (70.5%)
Clinical stage
I+II 152 50 (37.9%) 102 (77.3%) ,0.0001*
III+IV 112 82 (62.1%) 30 (22.7%)
Histopathological variant
Classical papillary 215 114 (86.4%) 100 (75.6%)
Other 49 18 (13.6%) 31 (23.6%) 0.040*
N/A 1 0 (0%) 1 (0.8%)
Mutation
BRAF 85 38 (28.8%) 47 (35.6%)
RAS 11 5 (3.8%) 6 (4.5%)
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All other clinicopathological features, including sex, tumor size, vascular
invasion, tumor focality, the presence of tumor capsule, and mutational change
showed no association with low VHL levels.
To further address the correlation between low VHL mRNA expression and
clinicopathological features, a multivariate logistic regression analysis was
performed. Three parameters, i.e. classical papillary morphology (OR52.92, 95%
CI 1.33–6.44, P50.008), multifocality (OR51.96, 95% CI 1.06–3.62, P50.031)
and the advanced clinical stage (OR55.78, 95% CI 3.17–10.53, P,0.0001), but
not any other tested, were independently associated with low VHL mRNA
expression (Table 3). Similar results were obtained when only classical papillary
thyroid carcinoma (CPTC) and follicular variant of papillary thyroid carcinoma
(FVPTC) were analyzed (S1 Table).
In disease-free survival analysis, low VHL expression had marginal significance
(P50.0502 by the log-rank test, Fig. 1) but did not appear to be an independent
predictor of the risk for chance of faster recurrence in a proportion hazards model
(P.0.9).
Mutation analysis and methylation status of the VHL gene in PTC
No genetic alterations of the VHL gene were found in our tumor series. Mutation
analysis was carried out by direct sequencing of the coding region of the VHL gene
in 264 PTCs. Subsequently, we examined promoter hypermethylation in a group
of 130 samples with low mRNA VHL expression. None of these samples showed a
positive signal with primers specific for methylated DNA. Positive signal was
obtained only with primers specific for unmethylated DNA thus providing no
evidence of VHL gene silencing through methylation.
Table 2. Cont.
VHL expression (no. of cases)
Clinicopathological parameters Total no. of cases Low (n5132) High (n5132) P-value
RET/PTC 1 44 22 (16.7%) 22 (16.7%) 0.298
RET/PTC 3 13 10 (7.5%) 3 (2.3%)
Unknown 111 57 (43.2%) 54 (40.9%)
*P values less than 0.05 were considered significant, according to the Fisher’s exact test for categorical data or Mann-Whitney test for continuous variables.
doi:10.1371/journal.pone.0114511.t002
Table 3. Multivariate analysis of the correlation between VHL mRNA expression and demographic and clinicopathological characteristics of PTC.
Factor Comparison Odds Ratio 95% Confidence Interval P-value
Histological variant Other 1 vs. Classic 2.92 1.33–6.44 0.008
Multifocality Present vs. absent 1.96 1.06–3.62 0.031
Clinical stage III+IV vs. I+II 5.78 3.17–10.53 ,0.0001
1All variants of PTC other than classic papillary combined.
doi:10.1371/journal.pone.0114511.t003
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Discussion
Various tumor suppressor genes, oncogenes, and intricate networks of signaling
cascades have been investigated previously in thyroid tumors [40].
VHL protein is widely expressed in human tissues and its best documented
tumor suppressor function is the negative regulation of hypoxia-inducible target
genes involved in angiogenesis, erythropoiesis and energy metabolism.
Accumulating evidence suggests that VHL may also have HIF-independent and
tissue-specific tumor suppressor functions since it has been implicated in diverse
cellular processes, including regulation of the extracellular matrix (ECM) and cell
invasion [41–44], cytoskeletal stability [45] and cell-cycle control and differ-
entiation [46–48]. Several studies suggest that VHL plays a critical role in
regulating apoptotic pathways in renal cell carcinoma [49–51]. According to a
recent report, VHL may be a positive regulator of TP53, providing insight into
another potential mechanism by which VHL loss of function may contribute to
carcinogenesis [52]. The role of VHL in thyroid cancer development is obscure.
Since it has been reported that normal follicular epithelium shows a strong
expression of VHL protein and that a differential expression of VHL protein in
nonneoplastic and neoplastic thyroid lesions is in proportion to the level of tumor
differentiation [32, 33, 34], it is reasonable to assume that VHL may be involved in
the development of the most common type of thyroid cancer, PTC.
These reports prompted us to investigate the possible role of VHL as a classic
tumor suppressor gene and a potential association of its expression level with the
development and clinicopathological features of PTC.
On univariate analysis, low VHL expression, beside the older age of patients
(P,0.0001), higher pT category (P50.002), distant metastasis (P50.001), was
also strongly associated with the more advanced clinical stage (P,0.0001,
Table 2). No significant correlations were detected between VHL expression and
any other clinicopathological parameters. On multivariate analysis, low VHL
Fig. 1. Disease-free survival of PTC patients with low VHL expression. Patients with low VHL expression
had marginal significance (P50.0502 by the log-rank test) but did not appear to be an independent predictor
of the risk for chance of faster recurrence in a proportion hazards model (P.0.9).
doi:10.1371/journal.pone.0114511.g001
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expression was associated with the advanced clinical stage (OR55.78, 95% CI
3.17–10.53, P,0.0001). This result confirms that low VHL expression level is in
correlation with more advanced disease and supports its potential usefulness in
identifying patients at risk for disease progression.
Multivariate analysis also showed that low VHL expression was independently
associated with classical papillary growth pattern (OR52.92, 95% CI 1.33–6.44,
P50.008) and tumor multifocality (OR51.96, 95% CI 1.06–3.62, P50.031).
Based on the results presented in Table 2 and Table 3, VHL expression may be
expected to be lower in PTC with classical papillary growth pattern as compared
to follicular variant and other histological variants of PTC. It therefore would be
interesting to compare VHL expression in PTC with follicular adenoma (FA) and
follicular thyroid carcinoma (FTC) in further investigations. PTCs frequently
occur as multifocal or bilateral tumors [53, 54]. Several findings suggest that the
multiple foci in multifocal PTC represent intraglandular spread from a single
primary tumor [54, 55] and tumors of this origin are likely to be aggressive and
accordingly, require more extensive treatment [56–58]. Our data suggest that
VHL depression favors the selection of more aggressive cancer cells, which
generate multifocal tumors. Our IHC data supported the loss of VHL in more
advanced tumors (S1 Figure).
To the best of our knowledge, this is the first demonstration of the association
between VHL levels and clinicopathological parameters of PTC. Moreover, our
study is the first evidence of involvement of VHL in PTC. As for other types of
cancer, Zia et al. showed that VHL had a low level or was not expressed in highly
aggressive breast cancer cell lines and that it affected cell motility and invasiveness.
They also found a significantly lower level of VHL in higher grade breast cancer
tumors compared to those of a lower grade, as well as in tumors from patients
with nodal and distant metastasis [59]. According to a recent study of Liu et al.,
the loss of VHL increases ovarian cancer cell aggressiveness [60]. Chen et al.,
demonstrated that reduced pVHL expression was associated with decreased
apoptosis and a higher grade of chondrosarcoma [61]. Hoebeeck et al., in a study
on 62 neuroblastoma patients, obtained a strong correlation between the reduced
levels of VHL and lower probability of patients’ survival [62].
Our analysis showed that for disease-free survival, low VHL level was
marginally significant on univariate analysis (P50.0502, Fig. 1). On multivariate
analysis VHL expression was not a variable conferring risk for chance of faster
recurrence while others (specifically, younger age and advanced pT category)
were. From the clinical point of view, our series is characterized by the short to
medium follow-up period (32.0; 53.5; 89.6 months, the 25%, 50%, and 75%
quartiles, respectively, even though we set the expected duration of follow-up of
.6 months as an inclusion criterion for DFS analysis), and it is possible that a
longer follow-up is required to evaluate its prognostic significance.
The major mechanisms of VHL gene inactivation are intragenic mutations,
mitotic recombination events, and hypermethylation of the promoter region.
Mutations in the VHL gene occur in various inherited tumors associated with
VHL disease as well as in some sporadic tumors such as clear-cell renal
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carcinomas, hemangioblastomas and sporadic pheochromocytoma [21–25]. On
the other hand, studies examining a variety of other sporadic tumors, including
breast, colon, lung, and prostate cancers, have found that somatic VHL mutations
are rare in histological tumor types that are not observed in VHL disease [29].
This is consistent with the results of our analysis. Although loss of heterozygosity
at chromosome 3p was found in 86% of FTCs and 29% of PTCs including the
VHL gene locus (3p25) [63], no evidence for mutations or homozygous deletions
of the VHL gene could be found in our tumor series as all VHL exons were
amplified by polymerase chain reaction in all samples.
VHL gene is silenced by methylation in 20–30% of patients with renal cell
carcinoma [64, 65] and other tumor types such as multiple myeloma (30%) [66].
Hatzimichael at al., also reported that methylation of the VHL promoter is a
common event in plasma cell neoplasias and might have clinical utility as a
biomarker of bone disease [67]. There are several published reports describing
epigenetic modifications in thyroid carcinomas. In a panel of analyzed tumor
suppressors, promoter hypermethylation of CDH1, p16INK4A, RASSF1A and
SLC5A8 in malignant thyroid tumors was confirmed [68–70]. Only one research
paper has analyzed the methylation status of VHL in patients with thyroid cancer.
In this paper, Migdalska-Sek at al. assessed and compared the methylation level of
8 tumor suppressor genes, ARHI, CDH1, KCNQ1, MEST, p16INK4A, RASSF1A,
SLC5A8 and VHL in PTC tumor tissues and matched adjacent noncancerous
thyroid tissues [71]. The highest methylation rate, i.e. 100% of methylated
specimens, was found in 4 genes: ARHI, CDH1, p16INK4A and RASSF1A. The
frequency of promoter methylation of the VHL gene was the lowest, in both
cancerous and noncancerous tissues. Analysis of our PTC samples with reduced
VHL levels has not found evidence for VHL gene silencing through methylation,
suggesting that the reason for the decreased VHL expression might be
posttranscriptional downregulation. Consistent with this hypothesis, Valera et al.
showed that microRNAs could act as an alternative mechanism of VHL
inactivation, which was correlated with tumorigenesis in clear-cell renal
carcinoma. They found that tumor samples that expressed increased amount of
miR92a showed decreased levels of VHL mRNA [72], suggesting the possibilities
that miR92a or some other microRNAs may regulate VHL gene expression in
PTC. However, since only 1 primer pair was used for MSP in our experiments, we
cannot rule out the possibility of the presence of methylated CpG islands in the
promoter regions that were not covered.
Conclusions
In summary, our study shows that low VHL expression is associated with more
aggressive tumor features of PTC and thus opens a new perspective for research
into the role of VHL inactivation in PTC progression. Since the results revealed
the absence of common genetic or epigenetic modifications responsible for VHL
gene downregulation, further analysis including a more detailed understanding of
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gene regulation and VHL interactions, is required to elucidate the mechanism of
VHL effect in thyroid cancer.
Supporting Information
S1 Figure. Immunohistochemical staining of VHL protein in human thyroid
cancer. Normal epithelial cells (A) stained strongly or moderately for pVHL in the
cytoplasm whereas PTC (B) and poorly differentiated thyroid carcinoma (PDTC)
(C) showed a lower degree of staining or no staining at all.
doi:10.1371/journal.pone.0114511.s001 (TIF)
S1 Table. Regression model for the follicular variant of papillary thyroid
carcinoma vs. classical variant of papillary thyroid carcinoma.
doi:10.1371/journal.pone.0114511.s002 (DOC)
Author Contributions
Conceived and designed the experiments: BS VS. Performed the experiments: BS.
Analyzed the data: BS VS LT NP VZ IP DN RD. Contributed reagents/materials/
analysis tools: MN SY RD. Wrote the paper: BS VS LT.
References
1. Ries LAG MD, Krapcho M, Mariotto A, Miller BA, Feuer EJ, et al. (2007) SEER Cancer Statistics
Review 1975–2004. National Cancer Institute, Bethesda.
2. Mazzaferri EL, Jhiang SM (1994) Long-term impact of initial surgical and medical therapy on papillary
and follicular thyroid cancer. Am J Med 97: 418–428.
3. Siironen P, Louhimo J, Nordling S, Ristimaki A, Maenpaa H, et al. (2005) Prognostic factorsin
papillary thyroid cancer: an evaluation of 601 consecutive patients. Tumour Biol 26: 57–64.
4. Kimura ET, Nikiforova MN, Zhu Z, Knauf JA, Nikiforov YE, et al. (2003) High prevalence of BRAF
muta- tions in thyroid cancer: genetic evidence for constitutive activation of the RET/PTC-RAS-BRAF
signaling pathway in papillary thyroid carcinoma. Cancer Res 63: 1454–1457.
5. Melillo RM, Castellone MD, Guarino V, De Falco V, Cirafici AM, et al. (2005) The RET/PTC-RAS-
BRAF linear signaling cascade mediates the motile and mitogenic phenotype of thyroid cancer cells.
J Clin Invest 115: 1068–1081.
6. Namba H, Nakashima M, Hayashi T, Hayashida N, Maeda S, et al. (2003) Clinical implication of hot
spot BRAF mutation, V599E, in papillary thyroid cancers. J Clin Endocrinol Metab 88: 4393–4397.
7. Carta C, Moretti S, Passeri L, Barbi F, Avenia N, et al. (2006) Genotyping of an Italian papillary thyroid
carcinoma cohort revealed high prevalence of BRAF mutations, absence of RAS mutations and allowed
the detection of a new mutation of BRAF oncoprotein (BRAF(V599lns)). Clin Endocrinol (Oxf) 64: 105–
109.
8. Stanojevic B, Dzodic R, Saenko V, Milovanovic Z, Pupic G, et al. (2011) Mutational and clinico-
pathological analysis of papillary thyroid carcinoma in Serbia. Endocr J 58: 381–393.
9. Katoh R, Sasaki J, Kurihara H, Suzuki K, Iida Y, et al. (1992) Multiple thyroid involvement
(intraglandular metastasis) in papillary thyroid carcinoma: a clinicopathologic study of 105 consecutive
patients. Cancer 70: 1585–159.
10. Lida F, Yonekura M, Miyakawa M (1969) Study of intraglandular dissemination of thyroid cancer.
Cancer 24: 764–771.
Low VHL mRNA Expression in Aggressive Papillary Thyroid Carcinoma
PLOS ONE | DOI:10.1371/journal.pone.0114511 December 9, 2014 12 / 15
11. Fusco A, Grieco M, Santoro M, Berlingieri MT, Pilotti S, et al. (1987) A new oncogene in human
thyroid papillary carcinomas and their lymph-nodal metastases. Nature 328: 170–172.
12. Santoro M, Dathan NA, Berlingieri MT, Bongarzone I, Paulin C, et al. (1994) Molecular
characterization of RET/PTC3; a novel rearranged version of the RET proto-oncogene in a human
thyroid papillary carcinoma. Oncogene 9: 509–516.
13. Espinosa A, Porchia L, Ringel M (2007) Targeting BRAF in thyroid cancer. Br J Cancer 96: 16–20.
14. Pierotti MA, Santoro M, Jenkins RB, Sozzi G, Bongarzone I, et al. (1992) Characterization of an
inversion on the long arm of chromosome 10 juxtaposing D10S170 and RETand creating the oncogenic
sequence RET/PTC. Proc Natl Acad Sci. USA 89: 1616–1620.
15. Pasquali D, Santoro A, Bufo P, Conzo G, Deery WJ, et al. (2011) Upregulation of endocrine gland-
derived vascular endothelial growth factor in papillary thyroid cancers displaying infiltrative patterns,
lymph node metastases, and BRAF mutation. Thyroid 21: 391–399.
16. Kogan EA, Rozhkova EB, Seredin VP, Paltsev MA (2006) Prognostic value of the expression of
thyroglobulin and oncomarkers (p53, EGFR, ret-oncogene) in different types of papillary carcinoma of
the thyroid: clinicomorphological and immunohistochemical studies. Arkh Patol 68: 8–11.
17. Maher ER, KaelinWg Jr. (1997) Von Hippel-Lindau disease. Medicine (Baltimore) 76: 381–391.
18. Lonser R, Glenn G, Walther M, Chew EY, Libutti SK, et al. (2003) Von Hippel-Lindau disease. Lancet
361: 2059–2067.
19. Hes FJ, Hoppener JW, Lips CJM (2003) Clinical review 155: Pheochromcytoma in Von Hippel-Lindau
Disease. J Clin Endocrinol Metab 88: 969–974.
20. Kuzmin I, Geil L, Geil H, Bengtsson U, Duh FM, et al. (1999) Analysis of aberrant methylation of the
VHL gene by transgenes, mono-chromosome transfer, and cell fusion. Oncogene 18: 5672–5679.
21. Sgambati MT, Stolle C, Choyke PL, Walther MM, Zbar B, et al. (2000) Mosaicism in von Hippel-Lindau
disease: lessons from kindreds with germline mutations identified in offspring with mosaic parents.
Am J Hum Genet 66: 84–91.
22. Chen F, Kishida T, Yao M, Hustad T, Glavac D, Dean M, et al. (1995) Germline mutations in the von
Hippel-Lindau disease tumor suppressor gene: correlations with phenotype. Hum Mutat 5: 66–75.
23. Zbar B, Kishida T, Chen F, Schmidt L, Maher ER, et al. (1996) Germline mutations in the Von Hippel-
Lindau disease (VHL) gene in families from North America, Europe, and Japan. Hum Mutat 8: 348–357.
24. Gallou C, Chaveou D, Richards S, Joly D, Giraud S, et al. (2004) Genotype-phenotype correlation in
von Hippel-Lindau families with renal lesions. Hum Mutat 24: 215–224.
25. Hoffman MA, Ohh M, Yang H, Klco JM, Ivan M, et al. (2001) von Hippel-Lindau protein mutants linked
to type 2C VHL disease preserve the ability to downregulate HIF. Hum Mol Genet 10: 1019–1027.
26. Maxwell P, Weisner M, Chang GW, Clifford SC, Vaux EC, et al. (1999) The tumour suppressor protein
VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399: 271–275.
27. Barry RE, Krek W (2004) The von Hippel-Lindau tumor suppressor: a multi-faceted inhibitor of
tumourigenesis. Trends Mol Med 10: 466–472.
28. Czyzyk-Krzeska MF, Meller JV (2004) von Hippel-Lindau tumor suppressor: not only HIF’s executioner.
Trends Mol Med 10: 146–149.
29. Kim WY and Kaelin WG (2004) Role of VHL gene mutation in human cancer. J Clin Oncol 22: 4991–
5004.
30. Martinez A, Walker RA, Shaw JA, Dearing SJ, et al. (2001) Chromosome 3p allele loss in early
invasive breast cancer: detailed mapping and association with clinicopathological features. Mol Pathol
54: 300–306.
31. KochCA, Brouwers FM, Vortmeyer AO, Tannapfel A, Libutti SK, et al. (2006) Somatic VHL gene
alterations in MEN2-associated medullary thyroid carcinoma. BMC Cancer 6: 131.
32. Corless CL, Kibel AS, Iliopoulos O, Kaelin WG (1997) Immunostaining of the von Hippel-Lindau gene
product in normal and neoplastic human tissues. Hum Pathol 28: 459–464.
33. Sakashita N, Takeya M, Kishida T, Stackhouse TM, Zbar B, et al. (1999) Expression of von Hippel-
Lindau protein in normal and pathological human tissues. Histochem J 31: 133–144.
Low VHL mRNA Expression in Aggressive Papillary Thyroid Carcinoma
PLOS ONE | DOI:10.1371/journal.pone.0114511 December 9, 2014 13 / 15
34. Hinze R, Boltze C, Meye A, Holzhausen HJ, Dralle H, et al. (2000) Expression of the von Hippel–
Lindau tumor suppressor gene in nonneoplastic and neoplastic lesions of the thyroid. Endocr Path 11:
145–155.
35. De Lellies RA, Lloyd RV, Heitz PU, Eng C (eds) (2004) Pathology and Genetics of Tumours of
Endocrine Organs. World Health Organization Classification of Tumors. IARC Press, Lyon, France.
36. Vandesompele J, De Paepe A, Speleman F (2002) Elimination of primer-dimer artifacts and genomic
coamplification using a two-step SYBR green I real-time RT-PCR. Anal Biochem 303: 95–98.
37. Pattyn F, Speleman F, De Paepe A, Vandesompele J (2003) RTPrimerDB: the real-time PCR primer
and probe database. Nucleic Acids Res 31: 122–123.
38. Hoebeeck J, van der Luijt R, Poppe B, De Smet E, Yigit N, et al. (2005) Rapid detection of VHL exon
deletions using real-time quantitative PCR. Lab Invest 85: 24–33.
39. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB (1996) Methylation-specific PCR: a novel
PCR assay for methylation status of CpG islands. Proc Natl Acad Sci USA 93: 9821–9826.
40. Lazzereschi D, Mincione G, Coppa A, Ranieri A, Turco A, et al. (1997) Oncogenes and
antioncogenes involved in human thyroid carcinogenesis. J Exp Clin Cancer Res 16: 325–332.
41. Ohh M, Yauch RL, Lonergan KM, Whaley JM, Stemmer-Rachamimov AO, et al. (1998) The von
Hippel-Lindau tumor suppressor protein is required for proper assembly of an extracellular fibronectin
matrix. Mol Cell 1: 959–968.
42. Kurban G, Hudon V, Duplan E, Ohh M, Pause A (2006) Characterisation of a Von Hippel Lindau
pathway involved in extracellular matrix remodeling, cell invasion and angiogenesis. Cancer Res 66:
1313–1319.
43. Bluyssen HA, Lolkema MP, van Beest M, Boone M, Snijckers CM, et al. (2004) Fibronectin is a
hypoxia-independenttarget of the tumor suppressor VHL. FEBS Lett 556: 137–142.
44. Tang N, Mack F, Haase VH, Simon MC, Johnson RS (2006) pVHL function is essential for endothelial
extracellular matrix deposition. Mol Cell Biol 26: 2519–2530.
45. Hergovich A, Lisztwan J, Barry R, Ballschmieter P, Krek W (2003) Regulation of microtubule stability
by the vonHippel-Lindau tumour suppressor protein pVHL. Nat Cell Biol 5: 64–70.
46. Davidowitz EJ, Schoenfeld AR, Burk RD (2001) VHL induces renal cell differentiation and growth
arrest through integration of cell-cell and cell -extracellular matrix signaling. Mol Cell Biol 21: 865–874.
47. Bindra RS, Vasselli JR, Stearman R, Linehan WM, Klausner RD (2002) VHL-mediated hypoxia
regulation of cyclin D1 in renal carcinoma cells. Cancer Res 62: 3014–3019.
48. Zatyka M, da Silva NF, Clifford SC, Morris MR, Wiesener MS, et al. (2002) Identification of cyclin D1
and other novel targets for the von Hippel-Lindau tumor suppressor gene by expression array analysis
and investigation of cyclin D1 genotype as a modifier in von Hippel-Lindau disease. Cancer Res 62:
3803–3811.
49. Kim M, Yan Y, Lee K, Sgagias M, Cowan KH (2004) Ectopic expression of von Hippel-Lindau tumor
suppressor induces apoptosis in 786-O renal cell carcinoma cells and regresses tumor growth of 786-O
cells in nude mouse. Biochem Biophys Res Commun 320: 945–950.
50. Qi H, Ohh M (2003) The von Hippel-Lindau tumor suppressor protein sensitizes renal cell carcinoma
cells to tumor necrosis factor-induced cytotoxicity by suppressing the nuclear factor-kappaB-dependent
antiapoptotic pathway. Cancer Res 63: 7076–7080.
51. Guo Y, Schoell MC, Freeman RS (2009) The von Hippel-Lindau protein sensitizes renal carcinoma cells
to apoptotic stimuli through stabilization of BIM(EL). Oncogene 28: 1864–1874.
52. Roe JS, Kim H, Lee SM, Kim ST, Cho EJ, et al. (2006) p53 stabilization and transactivation by a von
Hippel-Lindau protein. Mol Cell 22: 395–405.
53. Katoh R, Sasaki J, Kurihara H, Suzuki K, Iida Y, et al. (1992) Multiple thyroid involvement
(intraglandular metastasis) in papillary thyroid carcinoma: a clinicopathologic study of 105 consecutive
patients. Cancer 70: 1585–1590.
54. Iida F, Yonekura M, Miyakawa M (1969) Study of intraglandular dissemination of thyroid cancer. Cancer
24: 764–771.
Low VHL mRNA Expression in Aggressive Papillary Thyroid Carcinoma
PLOS ONE | DOI:10.1371/journal.pone.0114511 December 9, 2014 14 / 15
55. Shattuck TM, Westra WH, Ladenson PW, Arnold A (2005) Independent clonal origins of distinct tumor
foci in multifocal papillary thyroid carcinoma. N Engl J Med 352: 2406–2412.
56. Sugg SL, Ezzat S, Rosen IB, Freeman JL, Asa SL (1998) Distinct multiple RET/PTC gene
rearrangements in multifocal papillary thyroid neoplasia. J Clin Endocrinol Metab 83: 4116–4122.
57. Park SY, Park YJ, Lee YJ, Lee HS, Choi SH, et al. (2006) Analysis of differential status in multifocal
papillary thyroid carcinoma: evidence of independent clonal origin in distinct tumor foci. Cancer 107:
1831–1838.
58. McCarthy RP, Wang M, Jones TD, Strate RW, Cheng L (2006) Molecular evidence for the same clonal
origin of multifocal papillary thyroid carcinomas. Clin Cancer Res 12: 2414–2418.
59. Zia MK, Rmali KA, Watkins G, Mansel RE, Jiang WG (2007) The expression of the von Hippel-Lindau
gene product and its impact on invasiveness of human breast cancer cells. Int J Mol Med 20: 605–611.
60. Liu T, Zhao L, Chen W, Li Z, Hou H, et al. (2014) Inactivation of von Hippel-Lindau increases ovarian
cancer cell aggressiveness through the HIF1a/miR-210/VMP1 signaling pathway. Int J Mol Med 33:
1236–1242.
61. Chen C, Zhou H, Liu X, Liu Z, Ma Q (2011) Reduced Expression of von Hippel-Lindau Protein
Correlates with Decreased Apoptosis and High Chondrosarcoma Grade. J Bone Joint Surg Am 93:
1833–1840.
62. Hoebeeck J, Vandesompele Jo, Nilson H, De Preter K, Van Roy N, et al. (2006) The von Hippel-
Lindau tumor suppressor gene expression level has prognostic value in neuroblastoma. Int J Cancer
119: 624–629.
63. Grebe SK, McIver B, Hay ID Wu PS, Maciel LM, et al. (1997) Frequent loss of heterozygosity on
chromosomes 3p and 17p without VHL or p53 mutations suggests in- volvement of unidentified tumor
suppressor genes in follicular thyroid carcinoma. J Clin Endocrinol Metab 82: 3684–3691.
64. Herman JG, Latif F, Weng Y, Lerman MI, Zbar B, et al. (1994) Silencing of the VHL tumor-suppressor
gene by DNA methylation in renal carcinoma. Proc Natl Acad Sci USA 91: 9700–9704.
65. Dulaimi E, de Caceres II , Uzzo RG, Al-Saleem T, Greenberg RE, et al. (2004) Promoter
hypermethylation profile of kidney cancer. Clin Cancer Res 10: 3972–3979.
66. Benetatos L, Dasoula A, Syed N, Hatzimichael E, Crook T, et al. (2008) Methylation analysis of the
von Hippel-Lindau gene in acute myeloid leukaemia and myelodysplastic syndromes. Leukemia 22:
1293–1295.
67. Hatzimichael E, Dranitsaris G, Dasoula A, Benetatos L, Stebbing J, et al. (2009) von Hippel–Lindau
methylation status in patients with multiple myeloma: a potential predictive factor for the development of
bone disease. Clin Lymphoma Myeloma 9: 239–242.
68. Hoque MO, Rosenbaum E, Westra WH, Xing M, Ladenson P, et al. (2005) Quantitative assessment of
promoter methylation profiles in thyroid neoplasms. J Clin Endocrinol Metab 90: 4011–4018.
69. Hu S, Ewertz M, Tufano RP, Brait M, Carvalho AL, et al. (2006) Detection of serum deoxyribonucleic
acid methylation markers: a novel diagnostic tool for thyroid cancer. J Clin Endocrinol Metab 91: 98–104.
70. Xing M (2007) Gene methylation in thyroid tumorigenesis. Endocrinology 148: 948–953.
71. Migdalska-Sek M, Pastuszak-Lewandoska D, Czarnecka K, Nawrot E, Doman´ska D, et al. (2011)
Methylation profile of selected TSGs in non-cancerous thyroid tissue adjacent to primary PTC.
Wspolczesna Onkol 15: 191–197.
72. Valera VA, Walter BA, Linehan WM, Merino MJ (2011) Regulatory effects of microRNA-92 (miR-92) on
VHL gene expression and the hypoxic activation of miR-210 in clear cell renal cell carcinoma. J Cancer
2: 515–526.
Low VHL mRNA Expression in Aggressive Papillary Thyroid Carcinoma
PLOS ONE | DOI:10.1371/journal.pone.0114511 December 9, 2014 15 / 15
